Paleolimnological data are presented relating trophic development to sea level variation in Lake Blanca, a small (0.6 km 2 ), coastal fresh waterbody in southern Uruguay. Using a sediment core that extended to 7300 years BP, analyses of grain size, thin sections, organic matter, carbonate, total carbon, nutrients, diatoms and palynomorphs, allowed us to infer changes in trophic state and paleosalinities, which were closely related to Holocene sea level variation. Higher trophic states were observed during regressive events, most probably due to increases in runoff and erosion as regression progressed. Four diatom association zones (DAZ) were identified in the sediment core. The basal core section pre-dated the first Holocene marine transgression, contained no diatoms, chrysophyte cysts or non-siliceous microalgae, and showed C/N ratios values higher than 20. Thus, it is likely that the system exhibited terrestrial characteristics. In the second section ($6500-2200 years BP, following the first Holocene transgression), there was dominance of marine/ brackish diatom species. The lowest trophic states of the core were observed in this section. The third section (2200-1100 years BP), represented the system as it became separate from the Atlantic Ocean, and showed a dominance of brackish/freshwater species and increases in trophic state were observed. In the last section (after 1100 years BP), the system became fully freshwater as no marine or brackish diatom species were found, but a trend to oligotrophication was observed, probably due to nutrient depletion. However, after $1967 AD, eutrophication intensified because of forestry and soil fertilization in the catchment. Pollen association zones (PAZ) allowed us to identify four sections. Below 250 cm (2200 years BP), the core contained no pollen grains as redox potential and pH values were not conducive for pollen preservation. After 2200 years BP (when the system started to separate from the ocean), xerophilic taxa typical of coastal dunes colonized the catchment. Only after $1100 years BP (after fully freshwater conditions established) pollen grains of trees were observed.
Introduction
The east coast of South America experienced considerable relative sea level changes during the Holocene. Particularly along the Brazilian coast (Martin and Suguio 1992; Angulo and Lessa 1997; Angulo et al. 1999; Lessa et al. 2000) , a large number of surveys were undertaken to establish relative sea level variations, and a regional model was developed. Such a model postulates that: (a) present mean sea level was first overtaken approximately 7000 years BP; (b) by about 5100 years BP, sea level had risen to 4-5 m above present mean sea level; (c) between 4000 and 3900 years BP, there was a lowering of sea level to slightly below the present; (d) by about 3600 years BP, sea level rose to 3 m above present mean sea level; (e) between 2800 and 2700 years BP, sea level fell again to slightly below the present one; and (f ) at approximately 2500 years BP, a third high sea level occurred (2.5 m above the present one). After 2500 years BP, there was a constant regressive phase. Isla (1998) also developed a curve of sea level changes for southern Argentina, similar to that for the Brazilian coast (i.e., present mean sea level was first overtaken approximately 7000 years BP, maximum sea level was achieved by about 5000 years BP, followed by a regressive phase). However, no evidence of the two emergence/submergence events (i.e., for 4000-3900 and 2800-2700 years BP), was observed in Argentina (Isla 1998; Espinosa et al. 2003) .
Transgressions and regressions cause runoff and erosion that may lead to the disturbance/loss of sedimentary records in coastal water bodies such as lagoons. Thus, sea level changes may lead to gaps of information in coastal deposits which would not permit continuous paleoenvironmental reconstructions. However, coastal lagoons are still appropriate systems to determine how sea level changes influence their trophic development. In southern Uruguay, there are many costal water bodies (such as Lake Blanca), originated following the first Holocene marine transgression. Therefore, both structure and functioning of these systems must have been strongly influenced by sea level changes. The hypothesis being tested was that Holocene sea level changes moderated the trophic state of Lake Blanca, the trophic state being higher during regression than transgression events. To test this hypothesis, paleolimnological conditions of Lake Blanca were tracked using physical sediment characteristics, organic matter content, nutrient concentrations, diatoms and palynomorphs.
Study area
Lake Blanca lies at 34 53 0 S; 54 50 0 W, on the southern coast of Uruguay (Figure 1 ), which is a temperate/subtropical region with a mean historical annual rainfall of 1100 mm per year. The lake forms part of a series of coastal aquatic systems that originated about 7000 years BP, after the first large Holocene marine transgression (Martin and Suguio 1992; Angulo and Lessa 1997; Isla 1998) . This transgression was a consequence of glacioeustatic processes, and there were no significant changes in tectonic/seismic activity in the eastern coast of South America during the Holocene (Martin and Suguio 1992; Espinosa et al. 2003) .
The lake area is 0.6 km 2 , maximum depth is 4 m, elevation above sea level is 3 m, and the catchment area is 7.5 km 2 . The lake is freshwater and dominated by submerged plants. It is separated from the ocean by a 1.5-km wide sand bar, on which a holiday resort was built. Recent sediments consist mainly of clay and silt. Surrounding vegetation is dominated by extensive meadows and both Eucalyptus sp. and Pinus pinaster forests. Since 1969/70 the lake has been a source of drinking water. Further information on Lake Blanca has been published elsewhere (Mazzeo et al. 2001; García-Rodríguez et al. 2002c ).
Materials and methods

Sampling
A 545-cm long core (LBL1, Figure 1 ) was taken in Lake Blanca in May 2000 with the aid of a 5-cm diameter piston corer. The sampling station was located at the maximum depth in the lake. After retrieval, the core was immediately sealed and kept in the dark at 4 C, prior to laboratory analyses.
Dating
Sediment age was determined in four intervals on bulk sedimentary organic matter. The basal section (536-545 cm) was dated by accelerated mass spectrometry (AMS), while the other three sections (Figure 2 ), were dated using conventional radiocarbon techniques. For AMS 14 C, the sample was treated with 1% HCl, 1% NaOH and again with 1% HCl at 60 C. Combustion to CO 2 was performed in a quartz tube with CuO and silver wool at 900 C. The CO 2 was reduced to graphite with H 2 at 600 C Figure 1 . The Lake Blanca study area. Black dot in the center of the lake indicates the coring station (LBL1). Depth contours 1 m. Land use in the catchment area is illustrated. DWF -drinking water facility. The location of studies on sea level change in Argentina and Brazil (Martin and Suguio 1992; Isla 1998) are indicated on the South American map.
over 2 mg of an iron catalyst. The iron/carbon mixture was pressed as a pellet into a target holder for the AMS measurement. The 14 C concentration was measured by comparing the simultaneously collected 14 C, 13 C and 12 C beams, with oxalic acid standard CO 2 . Sediment age was calculated with a 13 C correction for isotopic fractionation based on the 13 C/ 12 C ratio simultaneously with the 14 C/ 12 C ratio.
For conventional 14 C, the samples were treated with dilute HCl to remove CO 3 . Bulk organic material was converted to benzene and its (Appleby and Oldfield 1992) . The core was sampled in 5-cm sections from the surface to 30 cm depth. Below 30 cm, only three samples (i.e., 56-60, 91-95, and 108-112 cm) were measured. Samples were dried for 48 h at 60 C. Radioactivity was measured with a gamma spectrometer of a high-purity germanium (HPGe) coaxial low energy n-type detector, using a 39-cm 3 cylindrical capsule and a Be-window of 0.5 mm. The detector was calibrated with certified reference material of the International Atomic Energy Agency (IAEA), and the Canadian Certified Reference Materials Project (reference britholite ore OKA-2). Dates were calculated using the CRS model (Appleby and Oldfield 1992) .
Lithology and thin sections
Lithological units were described based on changes in sediment color/texture, conservation of biogenic material and grain size. Aliquots of $50 g were dried at 80 C for 48 h and then treated with 30% H 2 O 2 and HCl to remove organic matter and carbonate, respectively. Dry samples were sieved with an electrical sieve. Sediment size was expressed as percentage of -units, which is a term used to group sediments into different types according to the size of the particles (Balsille and Tanner 1999; Wang and Ke 1997) . The -units scale ranges from À12 (representing the biggest particles i.e., boulder), to 14 (representing the smallest particles i.e., very fine clay). Such a scale is computed with the equation ¼ log2 (grain size, mm).
Thin sections were prepared for the sediment layer 400-440 cm. After splitting the core into two parts, sediment samples were taken in aluminum plates (11 Â 1.5 Â 1 cm, length Â width Â thickness), and were placed into hermetic plastic boxes. The samples were then treated with 96% acetone to remove interstitial water. This procedure was repeated three times to ensure total removal of interstitial water. The samples were then embedded with epoxy resin [Palatal P80-02 (Basf ) Polyesterharz]. Embedding the samples required over a week, as Palatal has to be added in several steps, to avoid sediment disturbance when epoxy resin replaces acetone. The samples were then dried at room temperature for 1 week, and then placed in the oven at 60 C for 48 h. Slides were mounted for optical microscope analyses.
Geochemistry
Total carbon, total nitrogen and total phosphorus were determined according to standard methods of the German Institute for Standardization (DIN: Deutsches Institut fuer Normung) and the International Standard Organization (ISO). For total carbon and nitrogen (ISO 25663 1984) , samples were measured with a vario-EL-CNS elemental analyzer (Elementar Analysesysteme GmbH, Jena, Germany). Total phosphorus was measured according to DIN 38414-S12 (1986) , by which different phosphorous compounds present in the samples are decomposed by oxidation, so that they are available in soluble forms as phosphate, which allows their total concentration to be determined by spectrophotometric readings. The samples were dried at 105 C for 2 h and then moistened with 2 ml distilled water. Next, the samples were treated with HCl and HNO 3 , allowed to stand for 2 h, and then boiled for 1 h. After cooling, 10 ml of this solution were treated with H 2 SO 4 and boiled for 3 min. After cooling, the samples were treated with HNO 3 , boiled again and 40 ml distilled water were added. Then the samples were treated with NaOH, ascorbic acid and molybdate reagent, allowed to stand for 30 min, and absorbances were read with a UV/VIS spectrophotometer at 880 nm.
Organic matter was determined by weight loss on ignition (LOI) at 550 C for 2 h. Subsequently the CO 2 mass evolved from carbonate was determined by heating at 880 C for 2 h, and the carbonate content was calculated by multiplying the weight loss by 1.36 (Heiri et al. 2001 ).
Diatoms and chrysophyte cysts
Samples for diatom counting and identification were treated with 35% HCl for 24 h to eliminate carbonates, and then rinsed four times with distilled water. Next, 10 ml of 30% H 2 O 2 were added to eliminate organic matter, and then the samples were boiled for 4 h and rinsed five times with distilled water. Permanent slides were mounted in Naphrax 1 for counting and identification. A minimum of 250 valves (usually between 300 and 400) was counted at Â1250 magnification in each sample. Species were identified according to LangeBertalot (2001) , Witkowski et al. (2000) , Rumrich et al. (2000) , Metzeltin and García-Rodríguez (2003) , Metzeltin and Lange-Bertalot (1998) , Krammer (2000) , Lange-Bertalot (1988, 1991a, b) , and Frenguelli (1941 Frenguelli ( , 1945 .
Chrysophyte cysts were also counted and expressed as the percentage ratio of their abundance to the total number of diatoms valves and chrysophyte cysts (Smol 1985; Karst and Smol 2000; Forrest et al. 2002) .
Pollen
Samples for the palynological study were treated with 10% HCl, 70% HF and 36% HCl (80 C) to eliminate carbonate, silicate and colloidal siliceous material. Cellulose was removed by acetolysis (Faegri and Iversen 1966) . Samples were stained with safranin and slides were mounted with glycerin jelly. Palynological taxa were identified by comparison with reference material of the Argentinian Museum for Natural Sciences 'B.Rivadavia'. A minimum of 400 pollen grains per slide was counted. Specimens were identified according to Markgraf and D'antoni (1978) , Heuser (1971) , Jarsen and Elsik (1986) , Bourrelly (1988) , Komárek (1982, 2000) , Komárek and Fott (1983) , Van Geel (1976a , b, 1986 , Fernández (1993) and Romero and Fernández (1981) .
Statistics
Ordination analyses were performed for diatom and pollen assemblages using the computer program CANOCO for Windows (Ter Braak and Š milauer 1998) . Taxa that did not constitute >2% in at least three sediment intervals were excluded. Both diatom and pollen data were entered into the ordination analyses as relative percentages. We performed principal coordinates analysis (PCO), also known as classical or metric scaling. PCO is a method for multidimensional data analysis which utilization is advisable when sample similarities and dissimilarities are to be compared (Ter Braak and Š milauer 1998) . PCO establishes similarities/ dissimilarities between samples by centering percentage data by both samples and species, and utilizes symmetric scaling of non-post-transformed ordination scores. Sample-points that are arranged close together in the ordination diagram, correspond to samples with similar species composition, while those samples that are far apart, are dissimilar.
Results
Chronology
Core LBL1 extends from lower Holocene to the end of the 20th century. The basal section (536-545 cm) yielded an age of 7310 ± 230 years BP (lithological unit XV). The layer 350-355 cm was dated at 3710 ± 75 years BP (unit X), the layer 250-255 cm at 2200 ± 60 years BP (middle section of unit VII), while sediment age at 140-145 cm (upper section of unit VII), was 1020 ± 60 14 C years BP. Recent sediments were 210 Pb dated. The estimated age at 60 cm was $1890 AD, while at 25 cm the estimated age was $1967 AD, and sediment age at 5 cm was estimated to be $1996 AD (Figure 2 ). Further information on 210 Pb chronology has been published elsewhere (García-Rodríguez et al. 2002c ).
Lithology and thin sections
Core LBL1 was subdivided into 15 lithological units (Figure 2 ). The basal unit consisted of olive grey sediments dominated by silt (-units 4, 5 and 6), and sand ( 1, 2 and 3). Sand content increased relative percentages in unit XIV, with a concomitant decrease in silty sediments. In unit XIII only fine sand ( 3) was observed, and silty sediments represented about 80%. Unit XII and XI were composed for a series of sediment laminae, for this reason thin sections were prepared for 400-440 cm (Figure 3 ). Microscopic analyses of thin sections revealed the occurrence of sanddominated laminae (n ¼ 19, indicated with arrows in Figure 3 ), interbedded with silt-dominated laminae (n ¼ 20).
Unit X contained a diversity of mollusks (Figure 2 ). The present species, with their optimum salinity ranges (Sprechmann 1978) included: Helobia australis (0.5-6ø), Erodona mactroides (10-18ø), Tagelus plebeius (0.5-29ø) and Pitar rostratus (18-30ø). These mollusk species disappeared in unit IX, but Helobia australis recolonized in unit VIII. From unit VII to the sediment surface (after $2500 years BP, Figure 2 ), no mollusk shells were recorded; the upper section of the core was dominated by silt sediments, and only changes in sediment color were observed.
Geochemistry
The basal section of the core (545-470 cm, units XV and XIV) exhibited very low concentration of all chemical variables (Figure 4) , except for C/N ratios that showed relatively high values (between 15 and 20). Towards the upper section of unit XIV, C/N ratios decreased to 10. In unit XIII, organic matter values, total phosphorus concentrations and C/N ratios increased but the other chemical variables showed no major changes.
In units XII and XI, the striking characteristic was the high variability in both carbonate percentages and C/N ratios (Figure 4 ). This section of the core also exhibited a succession of sandy and silty laminae (Figure 3) , with higher carbonate values observed in sandy than silty laminae. Organic matter values and total nitrogen concentrations remained fairly constant and total phosphorus increased ( Figure 4) .
In Unit X (where a high diversity of mollusk shells was observed, Figures 2 and 4) , carbonate, total carbon, total nitrogen, total phosphorus and C/N ratios increased. Organic matter values remained close to 5%, but at 360 cm there was a sharp increase (from 5 to about 20%), with a concomitant decrease in C/N ratios. Mollusk shells disappeared in unit IX, total phosphorus, total In unit VIII, Helobia australis (optimum salinity range 0.5-6ø, Sprechmann 1978) re-colonized the system, and there was a decrease in carbonate, total carbon, total phosphorous and C/N ratios. Organic matter values remained close to 15% (Figure 4) . In unit VII, carbonate percentages displayed similar values to those of unit VIII, and C/N ratios remained close to 8. Organic matter values ranged between 10 and 20% and then increased to the top of this unit. Total phosphorous showed values of $0.3 mg g À1 , except at the bottom of unit VII and the section 200-180 cm (Figure 4) , while both total carbon and nitrogen increased from bottom to top of unit VII.
Total carbon and total nitrogen concentrations showed a sharp decrease in unit VI, but organic matter displayed a high variability with percentages values ranging from 5 to 25% (Figure 4) . C/N ratios and carbonate showed slight decrease, and total phosphorous concentrations exhibited similar values to those of unit VII.
Lithological units V and IV exhibited little change in all variables (Figure 4) . Organic matter percentages were always close to 8%, apart from the minimum recorded at 47 cm. Carbonate content displayed values of $2%, and total nitrogen showed no major changes, with concentrations close to 2.5 mg g À1 , except for the peak observed at 90 cm depth. Total phosphorus exhibited a slight decrease from the bottom of unit V to the top of unit IV. C/N ratios decreased to $6 at 75 cm depth, and then increased to about 7.5 at the top of unit IV.
From 25 cm to the sediment surface (unit III), a sudden increase in all chemical variables was observed (Figure 4) , except for the ratio C/N which showed major changes. The section 25 cm was dated at $1967 AD, and corresponds to the beginning of forestry activities in the catchment, at which time the system started to increase in trophic state. Detailed information on the paleolimnological development of Lake Blanca in this section of the core can be found in García-Rodríguez et al. (2002c) .
Diatoms
One hundred and fifty-seven diatom taxa were identified, and the relative abundance of the 31 most common taxa [>2% in at least three sediment intervals (Karst and Smol 2000) ], are shown in In DAZ III diatoms colonized the system ( Figure 5) . Dominant diatom species in the basal section DAZ III were Paralia sulcata, Hyalodiscus schmidtii, Coscinodiscus radiatus, Actinoptychus senarius, Diploneis mirabilis and Terpsino€ e e americana ( Figure 5 ). Between 450 and 420 cm the ratio chrysophyte cysts : diatoms showed values of about 30%. In addition, Epithemia adnata (a species commonly found in freshwater), showed relative abundances of 50% in this section ( Figure 5 ). Hyalodiscus schmidtii was still the most abundant species in the upper section of DAZ III, but co-dominant species were Amphitetras antediluviana, Staurosira fernandae sp. nov., Campylodiscus clypeus, Surirella striatula and Paralia sulcata (Figure 5 ), and the ratio chrysophyte cysts: diatoms decreased.
In DAZ II, marine/brackish diatom species disappeared, and so this section of the core was dominated by brackish/freshwater and freshwater diatoms ( Figure 5 ). The most abundant species in this section were Nitzschia denticula, Epithemia adnata, and Navicula peregrinopsis, but also peaks of planktonic freshwater species (Aulacoseira granulata and Actinocyclus normanii) were observed in this section. The ratio chrysophyte cysts : diatoms ( Figure 5 ) displayed very low values. DAZ I was dominated by freshwater epibenthic species (i.e., Staurosira spp. Navicula peregrinopsis, Epithemia adnata, Mastogloia smithii, Nitzschia denticula and Pinnularia spp.), which accounted for $70%. Planktonic species represented about 27% of diatoms. Only at 125, 68 and 48 cm, however, planktonic species Aulacoseira granulata and Cyclotella meneghiniana combined to account for $65, 44 and 48%, respectively. In addition, in the section 17-14 cm Aulacoseira granulata and Actinocyclus normanii accounted for 45%. Detailed information on the diatom composition from 150 cm to the sediment surface has been published elsewhere (García-Rodríguez et al. 2002c ).
Pollen
The relative abundances of pollen taxa are shown in Figure 6 . Selected sample intervals are marked to the left of the plot. PCO allowed us to identify four PAZ. Below 250 cm (before 2200 years BP, PAZ IV), no pollen grains were recorded. Therefore, samples below 250 cm were excluded from the PCO (Figure 6 ). PAZ III was dominated by microalgae (about 80%), which were represented by Pediastrum spp., Botryococcus braunii and Prasinophyceae (Leiosphaeridia sp. and Tasmanites-type). Aquatic plants were dominated by Cyperaceae (Scirpustype), Typha angustifolia and Zannichellia sp., but relative abundance values were $2%. Terrestrial groups were dominated by Chenopodiaceae/ Gomphrena and Peperomia-type, which are xerophilie taxa typical of sandy soils (Markgraf and D'antoni 1978) .
In PAZ II, Botryococcus braunii and Pediastrum spp. accounted together for 95% of relative abundances and no terrestrial pollen was observed. However, terrestrial palynomorphs colonized the catchment in PAZ I (Figure 6 ). Taxa were represented by similar flora to that of PAZ III (Chenopodiaceae/ Gomphrena, Poaceae and Peperomia-type), but pollen grains Asteraceae sp. were also observed. PAZ I represents an environment with grown trees in the watershed (Ephedracea sp. and Fabaceae sp., Figure 6 ). In this section, Pteridophytes/Bryophytes, Tasmanites-type and fungal remains also reached the highest relative percentages of the core, but Botryococcus braunii and Pediastrum spp. decreased their relative abundances from PAZ II to PAZ I ( Figure 6 ).
Discussion
Unit XV (Figure 2 ), corresponds to Villa Soriano Formation which was deposited during early Holocene (Sprechmann 1978) . The basal section of this unit yielded and age of 7310 ± 230 years BP. According to the regional models of sea level change (Martin and Suguio 1992; Isla 1998) , it was likely deposited prior to the first Holocene marine transgression. Therefore, the system may have exhibited terrestrial conditions. This is supported by the lack diatoms, chrysophyte cysts and other freshwater microalgae such as Botryococcus spp. and Pediastrum spp. (Figures 5 and 6 ). This unit contained no terrestrial palynomorphs (Figure 6 ), Figure 5 . Relative abundances of the most common diatom taxa versus depth (top). Principal Coordinates Analysis ordination diagram (bottom). DAZ -diatom association zones. X-axis scales vary between species. Lithological units are depicted to the left of the plot. The diagnostics of Staurosira fernandae (García-Rodríguez, Lange-Bertalot and Metzeltin) sp. nov., can be found in García-Rodríguez et al. (2002b) , Metzeltin and García-Rodríguez (2003) and Metzeltin and Lange-Bertalot (in press). which suggests absence of vegetation, and therefore an arid/semiarid climate.
The boundary between lithological units XV and XIV (boundary between DAZ IV and DAZ III), is thought to correspond to the first Holocene marine transgression. The dominance of sandy sediments (Figure 2) , together with diatom colonization (Figure 5) , suggests that at 510 cm the system started to exhibit aquatic conditions. Dominant diatom species in DAZ III (Paralia sulcata, Figure 6 . Relative abundances of the most common pollen taxa versus depth (top). Principal Coordinates Analysis ordination diagram (bottom). PAZ -pollen association zones. X-axis scales vary between species. Lithological units are depicted to the right of the plot.
Hyalodiscus schmidtii, Coscinodiscus radiatus, Actinoptychus senarius, Figure 5 ), indicate salinities higher than 20ø (Witkowski et al. 2000) . The lack of both pollen and freshwater microalgae other than diatoms (Figure 6 ), may be due to a high energy coastal environment connected to the open sea. Hence, chemical factors such as post depositional changes in redox potential and pH values were not probably conducive for pollen preservation. The relatively low values of organic matter and nutrients suggest an oligotrophic system. C/N ratios values (between 10 and 20, Figure 4 ), indicate that littoral macrophytes, peat/shore vegetation and/or terrestrial vegetation were probably the most important contributors to the sedimentary organic matter (Hassan et al. 1997; M€ u uller and Mathesius 1999; Kaushal and Binford 1999; Meyers and Lallier-Verg e es 1999) .
Between 450 and 420 cm (unit XIII and lower section of unit XII), chrysophyte cysts (expressed as ratio chrysophyte cysts: diatoms), showed values of about 30% and Epithemia adnata (an epibenthic species commonly found in freshwater), increased relative abundances to $50% ( Figure 5 ). It is therefore likely that there was a decrease in salinity between 450 and 420 cm, which may have been a consequence of the first Holocene regressive phase (Martin and Suguio 1992) . Trophic state probably increased as both organic matter and total phosphorus increased as well (Figure 4) . However, the ratio chrysophyte cysts: diatoms ratio may indicate relatively low levels of primary productivity in the water column (Figure 5, Smol 1985; Karst and Smol 2000) . Therefore, the most important contributors to the primary production may have been the littoral communities such as macrophytes. This is supported by the C/N ratios (between 10 and 30) in the range of macrophytes, peat/shore vegetation and terrestrial plants (Hassan et al. 1997; M€ u uller and Mathesius 1999; Meyers and Lallier-Verg e es 1999; Kaushal and Binford 1999) . The system would have been shallow, mesotrophic and macrophyte-dominated under a clear water phase, which supports the alternative equilibria hypothesis of Scheffer (1998) , which has been verified in other paleolimnological studies (Brenner et al. 1999; Karst and Smol 2000; Forrest et al. 2002 ). However, above 420 cm depth Aulacoseira granulata showed a relative abundance peak with a concomitant decrease in the ratio chrysophyte cysts: diatoms ( Figure 5) , and an increase in total phosphorus (Figure 4) , which may indicate increases in primary production in the water column. Even though phosphorus can move in sediments, and the data must be interpreted with caution, it was still possible to identify a good relationship between phosphorus concentrations and organic matter contents throughout the core.
The decrease in relative percentages of Aulacoseira granulata from 400 to 330 cm, but also increases in abundances of marine/brackish species (Amphitetras antediluviana, Hyalodiscus schmidtii, Amphora lybika, Paralia sulcata, Achnanthes brevipes, Figure 5 ), suggest the occurrence of the second Holocene marine transgression (Martin and Suguio 1992) . The striking characteristic in this section (units XII and XI, 440-390 cm, Figure 4 ) was the high variability in carbonate content (Figure 4) , and the occurrence of sediment laminae (Figure 3 ). Microscopic analyses of thin sections (Figure 3 ) revealed the occurrence of sanddominated laminae, interbedded with siltdominated laminae. Sandy laminae showed an absence of terrestrial biogenic material (i.e., opal phytoliths, plant tissues, and exhibited high carbonate values, Figure 4) , while silt-dominated laminae were rich in terrestrial biogenic remains, but exhibited low carbonate values. Therefore, the lamination observed between 440 and 400 cm is thought to be a consequence of high frequency sea level oscillations, because of the occurrence storms that conducted to tempestite deposition. The latter probably caused alternative states where the aquatic system may have shown marine/brackish to moderately freshwater conditions. C/N ratios also showed a high variability in this section with values ranging between 10 and 30, thus implying runoff and erosion processes, and therefore, inputs from the catchment.
Unit X characterized by the high diversity of mollusk species and increase in sandy sediments (Figures 2 and 4) . This is probably because as the second Holocene transgression progressed, marine/ brackish mollusk species colonized the system. Trophic state should have been similar to that of units XII and XI, as organic matter showed similar values (Figure 4 ). Most C/N ratios values were $6 in this section (in the range of lacustrine microalgae, Hassan et al. 1997; Meyers and Lallier-Verg e es 1999) , thus indicating that diatoms may have dominated microalgal primary productivity and represented the energy source of mollusk species. This is supported by the dominance of marine/ brackish diatoms in this section (Amphitetras antediluviana, Staurosira fernandae sp. nov., Campylodiscus clypeus, Surirella striatula and Paralia sulcata, Figure 5 ).
In the upper section of unit X, organic matter, total carbon and nutrients increased, thus suggesting that trophic state may have also increased towards unit IX (Figure 4) . The absence of marine/ brackish shells in unit IX (Figure 2) , implies a decrease in salinity values and therefore a regression event. Increases in trophic state were probably a consequence of the regressive phase, which would have caused inputs from the catchment as indicated by the C/N value of $30 (Figure 4) . The relatively high abundances of Aulacoseira granulata, Staurosira brevistriata and Epithemia adnata also suggest decreases in salinity values because of the regressive phase.
The occurrence of Helobia australis in unit VIII (Figure 4) indicates that after the former regression took place, there was a sea level rise (Martin and Suguio 1992) , during which time Lake Blanca may have exhibited oligohaline conditions, as freshwater/brackish species became dominant in this unit. The decrease in organic matter and nutrients from unit IX to VIII (Figure 4) indicates that trophic state decreased as a consequence of the sea level rise.
The disappearance of Helobia australis in unit VII indicates the beginning of the last Holocene regression (Figure 4 ). Concomitant increases in organic matter and nutrients indicate that trophic state increased as a consequence of the regressive phase, probably due to inputs from the catchment as sea level decreased. Unit VII characterized by the stability of limnological conditions as C/N ratios were always close to 8 [in the range of aquatic organisms (microalgae and macrophytes) Hassan et al. 1997; Meyers and Lallier-Verg e es 1999; Kaushal and Binford 1999] . Trophic state probably increased from bottom to top of this unit as organic matter and nutrients also increased (Figure 4) . The lower section of unit VIII corresponds to the boundary of DAZ III and DAZ II ( Figure 5 ). Increases in relative percentages of freshwater diatoms (Aulacoseira granulata, Cyclotella meneghiniana and Nitzschia denticula, Figure 5 ) also support that salinity decreased, but the system never reached freshwater levels as indicated by the co-occurrence of brackish/freshwater taxa (Campylodiscus clypeus, Surirella striatula and Staurosira fernandae nov. spec., Figure 5 ).
The lower section of unit VIII also corresponds to the boundary of PAZ IV and PAZ III (Figure 6 ). Below this lithological unit, core LBL1 had contained no pollen grains. The pollen record in this section may have been a consequence of the establishment of a freshwater phase, which led to appropriate post-depositional conditions for pollen preservation. Hence, the boundary between PAZ IV and III is thought to represent the transition from a coastal marine/brackish to a moderately brackish to freshwater system. PAZ III was dominated by aquatic microalgae (about 80%), which were represented by Pediastrum spp., Botryococcus braunii and Prasinophyceae (Leiosphaeridia sp. and Tasmanites-type). Aquatic plants were dominated by Cyperaceae (Scirpus-type), Typha angustifolia and Zannichellia sp., but relative abundance values were $2%. Terrestrial groups were dominated by Chenopodiaceae/Gomphrena and Peperomia-type, which are xerophilie taxa typical of sandy soils (Markgraf and D'antoni 1978) . The presence of Poaceae may also indicate a coastal dune environment. Freshwater green microalgae (Pediastrum spp., Leiosphaeridia sp., and Botryococcus braunii, Figure 6 ), combined with marine/brackish diatoms ( Figure 5 ), suggest a moderately brackish to freshwater system with mesotrophic conditions. Above 150 cm depth (boundary of PAZ III and PAZ II, Figure 6 ), no pollen grains of terrestrial flora were observed and microalgae (Botryococcus braunii and Pediastrum spp., Figure 6 ) accounted for $95% of the relative abundances. The boundary between PAZ III and PAZ II, matches with the boundary between DAZ II and DAZ I ($160 cm depth, Figure 5 ). The diatom community became fully dominated by freshwater taxa, which suggests that the system became separate from the Atlantic Ocean and achieved full freshwater conditions. From 150 to 90 cm (transition of unit VII to unit VI, and basal section of PAZ I, Figures 5 and 6 ), a decrease in organic matter (and therefore trophic state) was observed, which may have been a consequence of nutrient depletion (Figure 4) , as the system separated from the sea. PAZ I represents a fully freshwater environment with trees in the watershed (Ephedracea sp. and Fabaceae sp., Figure 6 ), a similar flora to that of PAZ III (Chenopodiaceae/Gomphrena, Poaceae and Peperomia-type), but also Asteraceae sp. Pteridophytes/Bryopphytes and fungal remains reached the highest relative percentages of the core, which may be due to the development of restricted environments with high humidity and adequate substrata. Botryococcus braunii and Pediastrum spp. decreased in relative abundances from PAZ II to PAZ I (Figure 6 ), possibly indicating a trend to oligotrophication (Jancovská and Komárek 1982) , which may be a consequence of nutrient depletion at about 110 cm depth (Figure 4 ). Increases in abundances of both Tasmanites-type and the ratio chrysophyte cysts: diatoms (Smol 1985; Karst and Smol 2000) suggest a decrease in trophic state and production levels as well. However, in PAZ I (i.e., the top 25 cm, Figure 6 ), eutrophication intensified as a consequence of forestry activities and soil fertilization in the catchment by $1967 AD (García-Rodríguez et al. 2002c) . That is, the north section of the catchment was forested with Eucalyptus sp., while Pinus pinaster forestry was undertaken south the lake. However, Eucalyptus sp. pollen was not found, while Pinus pinaster pollen accounted for $1% in the sample 12-25 cm (Figure 6).
Conclusions: sea level variation, changes in trophic state and salinity
The development of core LBL1 was compared to surveys on sea level change in coastal Argentina and Brazil (Figures 1 and 7) . Unit XV did not contain diatoms, chrysophytes cysts (DAZ IV), or non-siliceous microalgae (lower section of PAZ IV). The age of the bottom of the core unit predated the first Holocene transgression. Therefore, unit XV is likely to represent a terrestrial system (Figure 7) .
The boundary between units XV and XIV (boundary between DAZ IV and DAZ III) is thought to correspond to the first Holocene marine transgression (Figure 7) , as diatoms colonized the system and sandy sediments increased. The system was probably oligotrophic as low values of organic matter and nutrients were observed. Dominant marine/brackish diatoms, together with lack of pollen grains, indicate marine/brackish conditions until $2200 years BP (boundary of PAZ IV and III, and DAZ III and II, basal section of unit VII). Increases in trophic state in units XII and VIII (mesotrophic levels), would have been a consequence of the Holocene regressions (Figure 7 ), which were followed by transgression, with concomitant decreases in trophic state.
After $2200 years BP, the system became brackish/freshwater as indicated by dominance of brackish/freshwater diatom taxa and the occurrence of pollen grains. The regional models of sea level change postulate a sea level fall after $2000 years BP (Figure 7 ), which was accompanied by increases in trophic state as organic matter and nutrients increased (Figures 4 and 7) . The system was brackish/freshwater until after $1000 years BP, when full freshwater conditions established. Decreases in trophic state (Figure 7 ), were probably a consequence of nutrient depletion (Figure 4 ). As the system became fully separate from the Atlantic Ocean, mesotrophic conditions were observed until 25 cm when a series of eutrophication episodes were observed (García-Rodríguez et al. 2002c) .
The relationship between trophic state and sea level change was also examined in Rocha Lagoon (SE Uruguay) by García-Rodríguez et al. (2001 2002a and García-Rodríguez and Witkowski (2003) , which is located about 100 km east of Lake Blanca (Figure 1 ). Increases in trophic state were also inferred for regression events because of increased runoff and erosion processes in the catchment, while transgression events led to decreases in trophic state. Our data on changes in paleosalinity levels are also in close agreement with regional studies (Oschmann et al. 1999; Espinosa et al. 2003) , who inferred similar Holocene paleoenvironments (i.e., similar diatom flora and mollusk species), to those observed in this study. reviewers provided helpful comments improving this paper. Thanks to Aguas de la Costa S.A., Programa para el Desarrollo del las Ciencias Básicas (PEDECIBA), and the Deutscher Akademischer Austauschdienst (DAAD) for financial support. This work was carried out in the labs of UFZ-Magdeburg, Germany, and it is a contribution to project CSIC C-32, Uruguay. The relationship between trophic state changes, diatom/pollen zones, lithology of core LBL1, and the regional models of sea level change.
